Summary 24
1. Differences between species in their response to environmental fluctuations cause 25 asynchronized growth series, suggesting that species diversity may help communities buffer the 26 effects of environmental fluctuations. However, within-species variability of responses may 27 impact the stabilizing effect of growth asynchrony. 28 2. We used tree ring data to investigate the diversity-stability relationship and its underlying 29 mechanisms within the temperate and boreal mixed woods of Eastern Canada. We worked at the 30 individual tree level to take into account the intraspecific variability of responses to 31 environmental fluctuations. 32 response to environmental fluctuations is the primary mechanism underlying the stabilizing 52 effect of diversity. As a result, these differences generate asynchronous population dynamics 53 (Loreau 2010) , enabling productivity compensations among species and thereby promote the 54 stability of the community-level productivity. Interactions among individuals (i.e. competition 55 and facilitation) may, however, modulate the stabilizing effect of diversity. For instance, it has 56 been shown that competition can amplify the asynchrony of population dynamics by promoting 57 the abundance of species which are better adapted to the growing season climate (Gonzalez & 58 Loreau 2009 ; Mariotte et al. 2013 ). Although there is mounting evidence of the involvement of 59 these factors in the stabilizing effect of diversity, little is known about their respective 60 contributions. 61
Unlike grasslands, forests offer several advantages to understanding the mechanisms that control 62 the diversity-stability relationship. First, due to the long life span of trees, population dynamics 63 are much slower in forest communities. As a consequence, forest composition cannot change in 64 response to inter-annual environmental fluctuations. The stabilizing effect of diversity in tree 65 communities would, therefore, mainly rely on the asynchrony of individuals' growth and not on 66 the asynchrony of population dynamics. Second, long records of annual growth are available for 67 individual trees through the use of dendrochronology, providing a longer time perspective on the 68 asynchrony of species response to environmental fluctuations. Finally, unlike grassland 69 communities where individuals are often difficult to define due to the common occurrence of 70 semi-independent parts, trees are easily distinguishable from one another. This feature makes it 71 possible to take into account the variability of individuals' response within species, which may 72 affect the stabilizing effect of diversity. forest productivity. In the face of insect outbreaks, the stabilizing effect of diversity could not 90 only stem from species differences in their susceptibility to insect attacks, but also from a 91 reduction of herbivory in more diverse forests due to a "host dilution" effect (Jactel & We used dendrochronological data (1) to determine whether tree species diversity stabilizes 98 productivity in the temperate and boreal mixed woods of Eastern Canada and (2) to identify the 99 mechanisms underlying the stabilizing effect of diversity. We, therefore, paid particular attention 100 to the intraspecific (i.e. among single trees) variability of responses to annual environmental 101 fluctuations, whatever the mechanisms generating this variability. We conducted our analyses on 102 pairs of individuals occurring in the same neighbourhood so that we worked with individuals that 103 were likely to be interacting together and sharing the same micro-environmental conditions. This 104 approach also enabled us to take into account the variability of individuals' response to 105 environmental fluctuations while linking measures of stability to growth asynchrony. We first 106 assessed stability as the inverse of the coefficient of variation (mean/variance) of the total growth 107 of pairs of individuals, and compared it between monospecific and mixed pairs. We 108 hypothesized that (H1) tree mixture promotes growth stability. We, therefore, expected stability 109 to be higher for pairs of individuals belonging to different species than for pairs of individuals 110 belonging to the same species. Thereafter, we decomposed the effect of diversity on stability into 111 its effect on the mean and the variance of the total growth of pairs of individuals. We 112 hypothesized that (H2) diversity stabilizes growth by reducing the variance of the total growth of 113 pairs of individuals, and that, because of a higher growth asynchrony among individuals 114 belonging to different species. We, therefore, expected the variance of the total growth to be 115 lower for pairs of individuals belonging to different species than for pairs of individuals 116 belonging to the same species. We also expected covariance of growth to be lower among 117 individuals belonging to different species than among individuals belonging to the same species. 118
Finally, using multivariate analysis, we identified individuals' response to climatic fluctuations 119 and insect outbreaks. We hypothesized (H3) that individuals' response asynchrony to 120 environmental fluctuations drove, at least partially, the stabilizing effect of diversity. We, 121 therefore, expected to obtain significant correlations between environmental variables and 122 growth, indicating that individuals' growth variability stemmed from environmental fluctuations 123 and growth asynchrony stemmed from differences in individuals' response to these fluctuations. 
Material and Methods

127
Data were collected at five 1 ha plots within both temperate and boreal mixed-wood stands in 128
Eastern Canada (Fig. 1) an elevation ranging between 645 and 690 m a.s.l. The topography was generally flat at all of the 139 sites, except for SUT, which was on a slope facing north-west. The D1823, D1847 and ABI sites 140 were located in the Clay Belt, a large physiographic region in western Quebec and north-eastern 141
Ontario, characterized by generally thick clay deposits (Veillette 1994 All trees equal or above 10 cm in diameter at breast height (DBH) were measured ( the eight closest weather stations using inverse distance weighting output, while adjusting for 174 differences in latitude, longitude and elevation between the data and sites. We considered 175 monthly mean temperatures, growth season length (period with daily means above 5°C), total 176 monthly precipitation, total monthly snowfall, and monthly mean drought-code, which reflects 177 water content of the deep compact organic layers (Girardin & Wotton 2009) . 178
We detrended growth series to keep only the variability associated with the annual climatic 179 variability and to remove temporal autocorrelation. Detrending was done by first averaging 180 growth series associated with a single tree to obtain single-tree chronologies. We then 181 standardized these single-tree chronologies using a 32-year cubic smoothing spline with a 50% 182 frequency response (Speer 2010 ). We pre-whitened the resulting series by autoregressive 183 modelling to remove temporal autocorrelation (Cook 1987) and to obtain detrended individual 184 chronologies. We averaged the detrended individual chronologies using a bi-weight robust mean 185 to obtain detrended master chronologies for each species and site. Transformations were 186 performed using the R package dplR (Bunn 2008) . Detrended individual and master chronologies 187 were used to analyse the climate-growth relationship, whereas raw individual chronologies were 188 used to investigate individual and species annual growth. ring series in a region (Schweingruber 1996) . We identified site-specific pointer years for each 205 species as years for which at least 70% of the trees exhibited a variation in their growth of at 206 least 10% as compared to the previous year. We obtained the exact outbreak dates using the 207 negative and positive pointer years enclosing the periods of defoliation-reduced growth in the 208 raw master chronologies of host species. 209
Statistical analyses 210
Temporal stability (TS, Tilman 1999) has been commonly used to measure the stabilizing effect 211 of species diversity on the productivity of a community. It is conventionally measured as the 212 inverse of the coefficient of variation (mean/variance) of the total productivity. The effect of 213 diversity on the stability of the total productivity may be decomposed into its effect on the mean 214 and the variance. Furthermore, the variance of the total productivity may be expressed as the sum 215 of the growth variances and covariances of all species in the community. As a consequence, 216 species having asynchronous growth (i.e. low covariance) will decrease the community TS. We used bootstrapped response functions (Fritts 1976; Guiot 1991) to identify the climatic 256 variables that significantly influenced species growth. In response function analysis, a detrended 257 master chronology of a species (free from insect outbreak signals) was regressed against the 258 principal components obtained on the set of climatic variables. Our rationale to use response 259 functions in this study was twofold. First, we wanted to identify the climatic factors controlling 260 species-specific growth on each site. Second, the response functions were used as a filter to 261 select climatic variables to be introduced in the analysis assessing individuals' response to 262 environmental fluctuations. We ran response functions on site-and species-specific detrended 263 master chronologies and site-specific climate datasets using R package treeclim (Zang & Biondi 264 2015) . In these analyses, we used 52 climatic variables of both the year concurrent with and 265 preceding the growth period, starting from June of the year preceding the ring formation and 266 ending with August of the year concurrent with the ring formation. July and August total 267 snowfalls were not used in the response functions since they were null most of the time. 268
Following the same logic, we only considered drought codes for the periods June through August 269 for the year prior to the growing period, and May through August for the current growing season. 270
We also used growing season lengths for the previous and the current years. To determine whether diversity had a stabilizing effect through the reduction of herbivory, we 296 studied the relationship between the intensity of the damages caused by insects to host trees and 297 the diversity in the neighbourhood of host trees in a linear regression. We estimated the intensity 298 of insect attacks as the ratio between the mean growth of trees outside insect outbreak periods 299 and their growth during insect outbreaks. We estimated diversity around trees using the Shannon 300 diversity index which measured diversity as a function of species proportion (p i ) in the 301 community. For i = 1,…,s species within a radius (R=20 m) around a tree, the Shannon diversity 302 index H was given by: 303
(eqn 4) 304 where p i = ba i /BA, with ba i being the basal area of species i in the neighbourhood and BA being 305 the total basal area in the neighbourhood. We conducted this analysis for trees belonging to the 306 three species susceptible to insect attacks in our sites (A. balsamea, P. glauca, P. tremuloides). 307 (Table 2 ) and 1993-2013 (see Table S1 in Supporting 312 information) periods. TS was significantly higher for pairs of individuals belonging to different 313 species than for pairs of individuals belonging to the same species, indicating a stabilizing effect 314 of species mixture (i.e. diversity) on growth ( Fig. 3 and Table 2 ). In contrast, µ pair (Fig. S1 ), (Fig. S2), and cov(i,j) (Fig. S3) were significantly lower for pairs of individuals belonging 316 to different species than for pairs of individuals belonging to the same species, as indicated by 317 the negative and significant parameters associated with the MIX variable in the model (Table 2) . 318
Insect outbreaks amplified the effect of mixture on TS, σ 2 pair , and cov(i,j). The stabilizing effect 319 of mixture was higher when the signal from insect outbreaks was preserved in the chronologies 320 (MIX = 0.80) as compared to chronologies with no insect outbreak signal (MIX = 0.52; Table 2 ). 321
The negative effect of mixture on σ Table 2 ). In contrast, insect outbreaks slightly 324 decreased the negative effect of mixture on µ pair (Table 2) .
325
Response functions showed that the climatic conditions (temperature, precipitation and drought 326 code) of summer months (June to August) of the current growing season were the most 327 influential to growth across species and sites (Table 3 ). In contrast, we found few significant 328 correlations between species growth and climatic conditions of the autumn of the previous 329 growing season and the early winter (October to February). The northernmost sites (D1823 and 330 D1847) showed a more pronounced global effect of climatic conditions of summer months of the 331 previous growing season on species growth than all of the other sites. We observed some 332 asynchrony between conifers and deciduous species response to climate. For example, on the 333 BIC site, while growth of all deciduous species significantly correlated to current summer 334 drought (i.e. to drought code), this was not the case for balsam fir. Similarly, on the D1823 site, 335 while all conifers growth significantly correlated to current summer drought, the growth of 336 trembling aspen did not. 337
RDAs showed that the asynchrony of response to environmental fluctuations of individuals' 338 belonging to different species contributed to the stabilizing effect of diversity by enabling growth 339 compensation among individuals (Fig. 4) . All RDAs were significant except RDAs performed on 340 chronologies free from insect outbreak signals for the D1823 and D1847 sites (Fig. 4a) . 341
However, rather than a lack of correlation between environmental fluctuations and growth, this 342 could be due to the relatively short period on which these RDAs were performed (24 and 29 343 years for the D1823 and D1847 sites, respectively), after removing the 4 years of forest tent 344 caterpillar outbreak, the 17 years of spruce budworm outbreak, and years for which not all 345 species had growth data for at least 30 individuals. Species-specific ellipses, however, 346 overlapped broadly, despite distinct locations of centroids (i.e. distinct average responses), 347
indicating that species could have close responses to environmental fluctuations. The explained 348 variance for RDAs ranged from 8.6 to 25.6%, indicating that the variability of individuals' 349 response to environmental fluctuations was high. 350
We found no significant relationship between the intensity of the damages caused by insects to 351 host trees and the diversity in the neighbourhood of host trees (Table 4) . The stabilizing effect of species mixing was stronger in analyses including both climate and 374 insect outbreak effects, as compared to the analyses operating on chronologies with insect signal 375 removed. We explain that by species differences in their susceptibility to insects and theresulting asynchronized growth series. We speculate that the stabilizing effect of diversity could 377 be further enhanced through (1) a reduction in the outbreak-related mortality both for host and 378 non-host species (both for host and non-host species; Bouchard, Kneeshaw & Bergeron 2005), 379 and (2) the increase in the abundance of the insect natural enemies, limiting herbivory 380 (Cappuccino et al. 1998 ). However, higher neighbourhood diversity did not reduce the insect-381 induced growth decline of host species during outbreaks, as it has been shown earlier (Jactel & 382 Brockerhoff 2007; Castagneyrol et al. 2013 ). This divergence of results could stem from a 383 difference in the scale of observation. Previous studies were done at the stand level while our 384 study was carried out on a smaller neighbourhood level. Good dispersal abilities of forest tent 385 caterpillar and spruce budworm (Greenbank 1957 ) could make the induced damage depend on 386 the availability of their host at the stand and regional scales rather than at the neighbourhood 387 scale. 388
We found a negative effect of diversity on the mean of the total growth of tree pairs. This 389 outcome is contrary to both theoretical predictions and empirical results (Tilman 1999 in particular through a better resource partitioning between species having different niches. The 393 negative effect of diversity on the mean of the total growth of tree pairs could be an artefact 394 arising due to the fact that we have trees of all sizes (Fig. 2) . Radial growth typically initially 395 increases with tree size before decreasing in larger trees. Comparing the total growth of a pair of 396 intermediate-sized firs (growing rapidly) to a pair consisting of a fir and a birch, both of small 397 size (growing slowly), for instance, would lead to the conclusion that diversity has a negative 398 effect on growth, while it would actually be a size effect. The wide range of tree sizes in our data 399 did not allow us to make conclusions on the effect of diversity on the mean of the total growth of 400 tree pairs. Nevertheless, the negative effect of diversity on the mean of the total growth of tree 401 pairs indicates that diversity stabilized growth by reducing the total growth variance, and not 402 because of a positive effect on the total growth mean. 403
The intraspecific variability of response to environmental fluctuations was high, leading to a 404 highly variable effect of species mixture on TS among tree pairs. This variability could stem 405 from interactions among individuals, such as competition and facilitation, and the spatial 406 ture, controlling for species and sites effects over 1993-ABI site. We ran the model both after removing insect ificance: *** < 0.001; ** < 0.01; * < 0.05; ns = not , Ba (B. alleghaniensis), Pg (P. glauca), Pt (P. tremuloides). 
